Bariatric procedures vary in efficacy, but overall are more effective than behavioral and pharmaceutical treatment. Roux-en-Y gastric bypass causes increased secretion of glucagon-like peptide 1 (GLP-1) and reduces body weight (BW) more than adjustable gastric banding (AGB), which does not trigger increased GLP-1 secretion. Since GLP-1-based drugs consistently reduce BW, we hypothesized that GLP-1 receptor (GLP-1R) agonists would augment the effects of AGB. Male Long-Evans rats with diet-induced obesity received AGB implantation or sham surgery. GLP-1R agonism, cannabinoid receptor-1 (CB1-R) antagonism, or vehicle was combined with inflation to evaluate interaction between AGB and pharmacological treatments. GLP1-R agonism reduced BW in both sham and AGB rats (left uninflated) compared with vehicle-treated animals. Subsequent band inflation was ineffective in vehicle-treated rats but enhanced weight loss stimulated by GLP1-R agonism. In contrast, there was no additional BW loss when CB1-R antagonism was given with AGB. We found band inflation to trigger neural activation in areas of the nucleus of the solitary tract known to be targeted by GLP-1R agonism, offering a potential mechanism for the interaction. These data show that GLP-1R agonism, but not CB1-R antagonism, improves weight loss achieved by AGB and suggest an opportunity to optimize bariatric surgery with adjunctive pharmacotherapy. Diabetes 62:3261-3267, 2013 R ecent years have seen an unprecedented rise in the prevalence of obesity driven by the combination of sedentary lifestyle and exposure to energy-dense diets. This dramatic rise, which is associated with numerous serious comorbidities, has led the World Health Organization to describe obesity as the greatest current threat to human health (1). Conventional therapies, in the form of decreased caloric intake and increased physical activity, have proven to be of limited effectiveness at a population level (2). Similarly, current pharmacotherapies have been found to be only mildly efficacious (3). To this point, surgical intervention is the only method that currently achieves sustained reductions of body weight (BW) .15% (4).
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Bariatric interventions have proven to be highly efficacious and frequently carry the beneficial side effect of type 2 diabetes (T2D) resolution (5) . The most commonly used bariatric procedures are adjustable gastric banding (AGB), vertical sleeve gastrectomy, and Roux-en-Y gastric bypass (RYGB) surgery (6) . However, not all of the currently available surgical options are equally effective. AGB results in an average loss of 46% excess BW (5) and a resolution of T2D in 50-70% of individuals (7) . Although emerging data may suggest otherwise (8) , this procedure is commonly thought of as restrictive in nature. AGB is minimally invasive and reversible but is less effective than RYGB (5); RYGB, a more invasive and irreversible intervention, results in a loss of 60% excess BW on average and is associated with a surprisingly rapid resolution of T2D in ;80% of patients, but it is also associated with greater mortality (5) . We hypothesized that the superior efficacy of RYGB is due to the humoral reprograming observed after RYGB (9) but not AGB (10) . Circulating glucagon-like peptide 1 (GLP-1) and therapies based upon it modulate food intake, glucose homeostasis, BW (11) , and fat mass (12) .
Recent research has focused on identifying the factors responsible for the early benefits of RYGB in the hope that novel, nonsurgical therapies might become possible. Although at least some of the beneficial effects of RYGB on glucose control are secondary to reduced BW, the dramatic changes in gut hormone secretion observed in RYGB but not in AGB may contribute to greater resolution of T2D (13) . Studies in humans have identified substantial changes in multiple circulating factors, including GLP-1, following RYGB (14) . Levels of GLP-1 are greatly elevated after RYGB but not after AGB, suggesting that it may function as a modulator of both BW and glucose homeostasis (15) . Given that several diabetes drugs on the market act as GLP-1 receptor (GLP-1R) agonists, modulation of the GLP-1 system may improve less invasive surgical therapies for weight loss and diabetes.
We hypothesized that treatment with a GLP-1R agonist would augment weight loss with AGB and that this combined benefit is specific for GLP-1. Taken together, our results suggest that less invasive approaches such as AGB may achieve similar results to RYGB when combined with appropriate pharmacotherapies.
RESEARCH DESIGN AND METHODS
Animals. Male Long-Evans rats (n = 197; 250-300 g) obtained from Harlan Laboratories (Indianapolis, IN) were individually housed and maintained on a 12:12-h light:dark cycle (lights off at 19:00) at 25°C and 50-60% humidity. Rats were provided ad libitum access to water and a high-fat butter diet (HFD; 4.54 kcal/g, 41% fat; Research Diets, New Brunswick, NJ) previously shown to produce diet-induced obesity (DIO) and metabolic impairments. All rats were maintained on HFD for 20 weeks prior to AGB or sham procedure. All procedures for animal use were approved by the University of Cincinnati, Institutional Animal Care and Use Committee. Adjustable gastric band implantation. AGB surgery was performed in anesthetized rats (isoflurane) as previously described by Kampe et al. (16) and depicted in Fig. 1 . Briefly, rats received laparotomy followed by isolation of the stomach and removal of the forestomach (fundectomy) using an ETS-FLEX 35-mm staple gun (Ethicon Endo-Surgery, Somerville, NJ). Silicone vascular occluders (12 mm lumen diameter; DocXS Biomedical products, Ukiah, CA) were fitted with subcutaneous ports (Braintree Scientific, Braintree, MA) 11.5 cm from the junction of the catheter and the cuff. The occluders were placed between the gastroesophageal junction and the pylorus. Free ends of the occluder (hereafter referred to as gastric bands) were connected using 1-0 Ethilon, nonabsorbable suture (Ethicon Endo-Surgery) such that the band encompassed the greater and lesser curvatures of the stomach. Four additional sutures were used to secure the band in the proximity of the staple line left after removal of the forestomach. The stomach and gastric band were then reintegrated into the peritoneal cavity, and the abdominal wall was closed in layers using a running suture and a running subcuticular suture, respectively. The procedure required ;45 min of isoflurane-induced anesthetization. For the duration of the implantation and recovery period, all bands were maintained in a deflated state. For the sham surgery, stomachs were exposed and forestomachs removed. The remaining stomach was then returned to peritoneal cavity and the laparotomy closed in layers. Following 3 to 4 weeks of recovery, rats were grouped to match BW and fat mass. Bands were inflated with 10% glycerol solution via a subcutaneous port (Braintree Scientific). Internal band pressure analysis. Internal band pressure was measured at increasing inflation volumes in 12 rats. Following injection of 10% glycerol solution via a subcutaneous port, a 0-15 psi gauge pressure transducer (PX26-015GV; Omega Engineering, Stamford, Connecticut) was inserted into the port. . Pre-and postoperative care. HFD was replaced with Ensure Plus liquid diet (1.41 kcal/g, 29% fat; Abbott Nutrition, Columbus, OH) 24 h prior to surgery. Liquid diet was continued for 48 h postsurgically and then replaced with HFD. Subcutaneous injections of meloxicam (Metacam; Boehringer Ingelheim Vetmedica, Inc; 0.25 mg/100 g BW, once daily for 4 days), gentamicin (0.8 mg/100 g BW on the day of surgery), buprenorphine (Buprenex; Reckitt Benckiser Pharmaceuticals; 0.3 mL twice per day for 5 days), and warm saline (10 and 5 mL twice per day for days 0-3 and 4-5, respectively) were given to all rats postoperatively. A wire grate was used for 3 days postoperatively to prevent rats from eating their bedding. Body composition measurements. Whole-body composition (fat and lean mass) was measured using noninvasive NMR technology (EchoMRI, Houston, TX). Hormone measurements. Plasma ghrelin was determined using the Meso Scale Discovery Assay System (Meso Scale Discovery, Gaithersburg, MD).
Plasma insulin and peptide YY (PYY) were analyzed individually by ELISA assay (#90060; Crystal Chem Inc., Downers Grove, IL; 48-PYYRT-E01.1; ALPCO Diagnostics, Salem, NH). Blood glucose was determined with a TheraSense Freestyle Glucometer (Abbott Diabetes Care, Inc., Alameda, CA). Brain tissue preparation and immunohistochemistry. Ninety minutes after inflation, rats were deeply anesthetized with sodium pentobarbital, perfused transcardially with saline, followed by a solution of 4% paraformaldehyde in 0.1 mol/L PBS (pH 7.4) at 4°C. The brains remained in fixative at 4°C overnight, then equilibrated 48 h with 30% sucrose in 0.1 mol/L Tris-buffered saline (TBS; pH 7.2). Serial coronal sections (30 mm) were cut on a cryostat. Immunohistochemistry of c-Fos protein in brain section was processed according to the method we described before (16) . Images were then collected, and cell counting was manually performed within a fixed frame outlining the nucleus tractus solitarius (NTS) along its rostral (bregma, 13.30 mm), middle (bregma, 13.68 mm), caudal (bregma, 14.08 mm) axis. Two to six sections per bregma level were counted for each animal (n = 4-6 rats per group). Peptides. Exendin-4 (Ex4) was obtained from American Peptide (Sunnyvale, CA). GLP-1 (7-36)amide was obtained from Polypeptide Group (San Diego, CA). Rimonabant (SR141716) was kindly donated by the National Institute of Mental Health chemical synthesis and drug supply program. Statistical analysis. All data are represented as mean and SEM. Nonlinear third-order polynomial best-fit, one-way, and two-way ANOVA with Bonferroni multiple comparison posttest or Student t test were performed where appropriate using GraphPad Prism software (GraphPad, San Diego, CA). In all cases, statistical significance was assumed when P , 0.05.
RESULTS
Development and characterization of a rat AGB procedure. To evaluate the properties of our AGB, we first measured internal band pressure with respect to inflation volume. As expected, increasing inflation volumes of glyerol resulted in increased internal band pressure ( Fig. 2A ) and was best described by a nonlinear, third-order polynomial best fit (R 2 = 0.9991). This model represents a high-pressure/low-volume adjustable band with a very steep linear region of pressure versus inflation (as reviewed in Ref. 17) . To assess the optimal pressure/inflation, bands in a cohort of AGB rats were inflated at increasing volumes for 5 days. Twenty-four-hour food intake in these rats was then compared with that of age-and weight-matched sham animals. Consistent with increased restriction, 24-h food intake was reduced in association with the increased band pressure (Fig. 2B ). Subsequent long-term studies were conducted to evaluate the effect of chronic AGB inflation. These studies included an additional control group to test any potential effect of the fundectomy on energy balance. Although this procedure involved removal of a considerable 
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portion of the stomach, we identified similar 24-h food intake and BW response in all groups during the 31-day recovery period in which bands were left uninflated (Fig. 2C ). Bands were then inflated with increasing volumes on 3 sequential days (days 31-33), resulting in a final volume of 350 mL. Following the final inflation, bands were left in the inflated state, and food and BW was measured. The inflation reduced food intake for 2 days (days 33 and 34) with a return to normal feeding thereafter (Fig. 2C ). This rebound is likely attributed to loss of band pressure, as the volume removed from bands 3 days after inflation was often decreased 10-40 mL (data not shown). Although transient, the decrease in food intake stimulated BW loss in AGB rats as compared with rats with either a fundectomy or sham procedure (Fig. 2D) . Administration of a GLP-1R agonist enhances the effect of gastric banding. Accumulating data suggest that GLP-1 signaling plays an important role in RYGBstimulated metabolic improvements. Thus, we hypothesized that administration of a GLP1-R agonist would increase the efficacy of less invasive bariatric interventions. To test this hypothesis, we conducted either AGB surgery or a sham procedure in DIO Long-Evans rats. Following a 3-to 4-week recovery period, rats from both groups were matched for BW and fat mass. In addition, a matched cohort of rats that received no intervention (naive) was included in the study. A pilot 6-day study in DIO rats indicated that with regard to suppression of food intake and BW, maximal efficacy with minimal variability is obtained using Ex4 at a dose of 150 mg/kg/day (Fig. 2E and F) . Thus, rats from both surgical groups were then treated with Ex4 (150 mg/kg/day) or vehicle (saline) for 16 days. Ex4 treatment elicited a similar decrease in food intake and BW over the first 7 days, regardless of surgical procedure (Fig. 3A and B, respectively) . Beginning on the seventh day of treatment, all rats were anesthetized (5 min isoflurane), and bands in those from the AGB group were filled with 100 mL of a 10% glycerol solution. The inflation was repeated under isoflurane anesthetization over the next 2 days to reach a total volume of 300 mL in AGB rats. Initial studies determined this inflation value to be subthreshold in terms of food intake (Fig. 2B) . Thus, we were able to test the interaction between pharmacological weight loss and mild levels of restrictive intervention. To ensure full inflation throughout the study, the bands were emptied and reinflated under isoflurane anesthetization on day 12. Band inflation had no significant effect on food intake or BW in vehicle-treated animals compared with either naive rats or sham-operated rats treated with vehicle ( Fig. 3A and B, respectively) . However, food intake at day 15 was decreased to a similar degree in both Ex4-sham and Ex4-AGB rats as compared with sham-operated rats (Fig. 3A) . Although food intake was similar, a greater loss of BW was observed in Ex4-AGB rats compared with All data represented as mean 6 SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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Ex4-treated, sham-operated animals (82.2 vs. 87.5%) (Fig. 3B ). This decrease in BW was associated with a decrease in adiposity in rats with combined band and Ex4 therapy as compared with band-vehicle-treated rats (Fig. 3C) , with a similar trend observed between Ex4-AGB rats and Ex4-treated, sham-operated animals. In contrast, lean mass was similar between groups (P = 0.34; Fig. 2D ). All rats were fasted overnight (18 h) on day 16, and plasma was collected in the fasted state. Analyses of these samples suggest that neither banding nor Ex4 treatment had a significant effect on blood glucose, PYY, ghrelin, or insulin resistance as determined by homeostasis model assessment of insulin resistance (Table 1) . However, there was a decrease in fasting insulin in response to banding (sham-vehicle vs. bandvehicle) that is likely due to the decrease in adiposity (Table 1) . Taken together, these data suggest that Ex4 enhances AGB-stimulated BW loss in DIO rats, and this BW loss is independent of changes in circulating ghrelin or PYY. CB1 receptor antagonism does not enhance the effect of gastric banding. The effect of a GLP-1R agonist on weight loss following subthreshold restriction via AGB highlights a potential role for existing pharmacotherapy for obesity to augment the efficacy of less-invasive surgical interventions. To test the hypothesis that collectively, anorectic signals have synergistic therapeutic potential, we repeated the previous study using rimonabant, a known antagonist of central but not peripheral cannabinoid receptor-1 (CB1-R) (18) . Antagonism of the cannabinoid system, and specifically CB1-R, inhibits food intake and reduces BW (19) . Rats from sham and AGB groups were matched for BW and fat mass, and animals from both surgical groups were then treated with rimonabant (SR141716; 10 mg/kg/day) or vehicle (10% DMSO and 20% Tween-80 in saline) for 19 days. As with the Ex4 treatment, rimonabant elicited an ;10% decrease in BW over the first 7 days (Fig.  4B ). This weight loss was associated with a substantial inhibition of food intake, and both effects were independent of the surgical procedure (Fig. 4A) . Beginning on the seventh day of treatment, all rats were anesthetized (5 min isoflurane), and bands in those from the AGB group were filled with 100 mL of a 10% glycerol solution. The inflation was repeated under isoflurane anesthetization over the next 2 days to reach a total volume of 300 mL in AGB-operated rats. To ensure full inflation throughout the study, the bands were emptied and reinflated under isoflurane anesthetization on day 13. Unlike the effects observed with the combination of Ex4 and AGB (Fig. 3) , the addition of mild gastric restriction to rimonabant treatment had no effect on either food intake or BW ( Fig. 4A and B) . Consistent with its effect on BW, rimonabant treatment stimulated a significant decrease in fat mass (Fig. 4C) . AGB also decreased fat mass in vehicle-treated rats during the 16-day study (Fig. 4C ). This observation was intriguing, as there was a trend toward loss of BW in these animals that failed to reach significance (Fig. 4B) . Furthermore, although each of the interventions stimulated loss of fat mass, the combination provided no additional benefits (Fig. 4C) . Consistent with the observations in the combination of Ex4 and AGB, lean mass was similar among all groups following band or rimonabant treatment (Fig. 4D) . Together, these observations suggest that some, but not all, anorectic signals can synergistically enhance AGB therapy. AGB activates neurons in the nucleus of the solitary tract. While the physical nature of the AGB imparts direct restriction of gastric volume, it is likely that this manipulation also induces a central nervous system (CNS)-mediated signal. To assess whether AGB-stimulated gastric restriction could be conveyed to the visceral sensory neurons in the NTS, the neuronal activation marker c-Fos was examined in rats with deflated or fully inflated (400 mL) bands. In rats with deflated bands, very few c-Fos-immunoreactive nuclei were observed in any part of the NTS, whereas after 90 min of full inflation, c-Fos-immunoreactive nuclei could be observed in multiple areas of the NTS along the rostrocaudal axis (Fig. 5A ). The majority of these nuclei were distributed in the medial, lateral, and central subnuclei, with very few observed in the commissural regions of the NTS (Fig. 5A) . Quantification of these nuclei revealed an approximately sevenfold increase in c-Fos signal after inflation (Fig. 5B) . These data suggest that acute inflation of the AGB leads to a specific pattern of neuronal activation in visceral-sensing neurons of the NTS reminiscent of the key neuronal circuits controlling energy balance, body adiposity, and glucose metabolism.
DISCUSSION
This study details the development and characterization of an AGB procedure and, for the first time, its combination with specific pharmacotherapies in a rat model of DIO and insulin resistance. Consistent with its known clinical effects, this model was successfully used to reduce food intake in a pressure-dependent manner. These data also show that treatment with a GLP-1R agonist can be used to enhance the efficacy of AGB, a less invasive but also less effective approach than RYGB. These findings support the use of specific surgical-medical combinations for obesity and raise the possibility that approaches of this kind could be tailored to the needs of individual patients. Elevated plasma levels of GLP-1 have been described following RYGB (9), vertical sleeve gastrostomy (20) , ileal transposition (21), and duodenal-jejunal bypass (22) . However, these procedures are all highly invasive and not reversible. Turning a less invasive and reversible bariatric intervention into a comparably beneficial therapeutic approach by adding pharmacotherapy would therefore be a promising additional tool in the fight against obesity and related disorders.
We found that a GLP-1R agonist not only increased the efficacy of AGB to produce weight loss but also reduced the band pressure required to do so. This effect may be specific to GLP-1 agonists, since treatment with the CB1 antagonist rimonabant, which is known to elicit a decrease in food intake, BW, and fat mass in rodents and man (19) , failed to enhance AGB. Thus, combining GLP-1R agonists with AGB may represent a unique noninvasive strategy to improve AGB efficacy. Such an approach would provide long-term benefits for patients, as tighter bands can lead to greater food intolerance, vomiting, and greater incidence of stomach erosions, a primary cause of AGB revisions and removals (23) . It should also be noted that this procedure in the rat model involves removal of the proximal gastric region (fundus). Following ingestion of a meal, relaxation of the fundus allows the gastric volume to increase in a process called gastric accommodation (24) . Thus, it is not surprising that this procedure can reduce food intake and delay normal growth in rats (25) . However, an important difference between our study and this previous report is that our mice were DIO at the time of surgery and maintained on an HFD throughout the studies. It is likely that the caloric density of the diet negated any loss of gastric accommodation. Furthermore, in our procedure, we were careful to maintain all of the glandular stomach, while Axelson et al. (25) intentionally removed acid-producing regions, as well as the nonglandular stomach.
The specific effect of a GLP-1 agonist on AGB efficacy may result from an interaction between CNS circuits regulating appetite and systemic metabolism. Ingestion of food elicits a gastrointestinal response that is conveyed to the brain via both hormonal and afferent vagal activity (26) . The lack of differential response in known hormonal components of this regulatory pathway (summarized in Table 1 ) suggests that this regulation is primarily a vagalmediated event. The first relay along this pathway is in the brainstem, where, after the central processing and integration of this afferent input, the visceral sensory neurons locate efferent outputs. Somatic and visceral efferent nerves are then used to control ingestive behavior (27) . Within the brainstem, the NTS is the first relay area in the central nervous system for sensory stimuli originating from the digestive tract. Emerging evidence confirms that sensory neurons of the gastroesophageal junction project to neurons of the NTS, the arcuate nucleus, and the paraventricular nucleus of the hypothalamus (8) . Thus, the NTS could function as an integration point to regulate appetite and systemic metabolism following bariatric surgery and pharmacological intervention.
Consistent with the report of Kampe et al. (16), we observed significant c-Fos induction in the NTS following AGB inflation. This outcome suggests that AGB reduces feeding via two distinct mechanisms. Firstly, it restricts gastric distention and subsequent food volume. Secondly, mechanical pressure from inflation appears to be transmitted to CNS circuits implicated in feeding. While we did not directly assess the c-Fos response in the presence of both a meal and an inflated band, these circuits are also known to respond to GLP-1 activation (28) and provide a logical mechanistic basis for the synergistic effects between AGB and a GLP-1 agonist. Together, these inputs can act at both physiological and behavioral levels to restrict food intake.
Although we were unable to define the underlying mechanism describing the induction of c-Fos and its role in the enhanced therapeutic benefit of GLP-1R agonism in AGB, these observations lead us to several intriguing hypotheses: 1) Elevated c-Fos protein has recently been observed in the NTS following acute or chronic band inflation (8) . Interestingly, the NTS is one of the areas of the CNS known to produce GLP-1 (29) . Recent studies suggest that these neurons project to the arcuate nucleus (30) and dorsomedial nucleus of the hypothalamus (DMHv) and may be responsible for transmitting satiety signals from the NTS via activation of GLP-1 receptor of the DMHv (31) . Thus, Ex4 therapy may enhance actions of the AGB by increasing overall GLP-1 receptor occupancy in the DMHv. 2) GLP-1R populate the NTS (32) and GLP-1R agonism via hindbrain intracerebroventricular (fourth intracerebroventricular) delivery is sufficient to suppress food intake in rats (28) . Thus, activation of NTS neurons following AGB inflation may be indicative of increased GLP-1R sensitivity.
In summary, the current study in a rodent model of DIO indicates that Ex4, but not the CB1 antagonist rimonabant, acts in concert with AGB to improve weight loss and metabolic outcomes, possibly via a mechanism involving activation of NTS neurons. Taken together, our results suggest that the GLP-1 system may offer untapped potential for pharmaco-surgical combination therapies for the treatment of T2D and obesity. 
